The aim of this paper is to demonstrate that it is possible to injection mould all-polypropylene composites and to determine the effects of the reinforcing fibre content and the type of gate on static tensile and dynamic mechanical properties and shrinkage of the composite plaque.
Preliminary tests
To produce products with complex 3D geometry, injection moulding is a suitable technique. To process all-polypropylene composites by injection moulding, intensive preliminary tests have been performed. Matrix and reinforcement materials, pellets for injection moulding and a processing method were developed. Random ethylene-polypropylene copolymer (rPP) and highly oriented polypropylene homopolymer (hPP) reinforcement were characterised by mechanical and morphological tests. First, the matrix and the reinforcement were mixed in a powder mixer. The mix was subsequently injection moulded with an Arburg Allrounder 320C 700-290 machine. The preliminary results showed that the hPP multifilament became roughened and formed agglomerates (due to electrostatic charge), and a cold slug formed that blocked the standard flat nozzle, which had 2 mm diameter hole. The reinforcement fibre content could not be guaranteed, and even distribution of reinforcement fibres could not be achieved. The standard flat nozzle has been replaced with a heated flat nozzle with 4 mm-diameter hole to avoid cold slug formation. Next, to avoid agglomeration of reinforcing fibres, extrusion coating was applied prior to injection moulding; one or two bobbins of hPP multifilament were used, and these were continuously coated in a special extrusion die by molten matrix material made of rPP. The coated multifilament was granulated into 4, 10 mm long cylindrical pellets and used for injection moulding. This pre-product can be injection moulded at different temperature between 150-180°C. 160°C was the lowest temperature where stable technology (without cold slug) can be achieved. At this temperature the thermoplastic reinforcement did not melt during manufacturing. The mechanical tests revealed that a slight reinforcing effect can be detected. The microscopy images showed that neither the distribution of the single fibres nor the impregnation of matrix material was perfect. These problems must arise from the improper impregnation of the coated pre-product; the impregnation process required improvement. Hence, the goal of this paper is to demonstrate the improved processability of allpolypropylene composites by injection moulding, including preparation of the pre-product and the injection moulding.
3. Materials, processing and testing 3.1. Materials Highly oriented polypropylene homopolymer (hPP) multifilament (Stradom S. A., Czestochowa, Poland) was used as reinforcement. This reinforcing multifilament has a melting temperature of 173°C (as determined by DSC from the first melting curve with a heating rate of 10°C/min); a yield stress of 581±30 MPa; tensile modulus of 6432±490 MPa (measured by single-fibre tensile tests) and the single fibre diameter of 40.1±1.8 "m. The multifilament was sized with carboxylic acid by the producer. Random ethylene-polypropylene (rPP) copolymer (Tipplen R959A, TVK Nyrt., Tiszaújváros, Hungary) was used as the matrix material. From the initial rPP granules, a 50 "m thick film was produced using an extrusion film blowing technique. The melting temperature of the matrix was 150°C (as determined by DSC from the first melting curve with a heating rate of 10°C/min).
Pre-impregnated material preparation
The matrix film and the reinforcing hPP multifilament were laminated pretensioned onto an aluminium core in a filament winding process using the film-stacking method, which resulted in unidirectionally aligned (UD) fibres, shown in Figure 1a . All-polypropylene composite (all-PPC) sheets with thicknesses of 1.7 mm and varying nominal reinforcing multifilament content (50, 60, 70 and 80 wt%) were produced by compression moulding, shown in Figure 1b . For the sandwich structure 9 layers were applied. The nominal reinforcement was controlled by the number of the applied matrix foils. For 50 wt% four layer matrix foil and one layer reinforcement was used. To increase the reinforcement content number of the matrix foils was decreased one by one. A temperature of 180°C was applied during the consolidation process. The filament-wound, filmstacked package was inserted in between the preheated moulds and held for 240 s without pressure, was compressed for 240 s under a pressure of 5.26 MPa and finally was cooled to 45°C (under pressure). Actually the processing temperature was higher than the melting temperature of the reinforcement but, due to the high pressure, this value shifted towards higher value (similar the self-reinforced extrusion technique [19] ) and the thermoplastic reinforcement did not melt. The consolidated plates were cut into 5 (wide) # 5 (length) mm 2 sections for injection moulding. The length dimension of these cut pieces determined the length of the reinforcing fibres.
Injection moulding
From pre-impregnated pellets plaque specimens measuring 80 # 80 # 2 mm in dimension were injection moulded with varying amounts of reinforcing multifilament (50, 60, 70 and 80 wt%). The production occurred on an Arburg Allrounder 370S 700-290 injection moulding machine with a heated, flat nozzle with holes measuring 4 mm in diameter (parameters listed in Table 1 ). In the mould, both a conventional film gate measuring 1 mm in thickness and a fan gate (FG) measuring 2 mm in thickness were used ( Figure 2 ).
Specimens and their testing Static tensile tests
Static tensile tests were performed on compressionmoulded sheets (20 # 150 mm; in parallel to the fibre direction) and injection moulding plaque specimens. Dumbbell-shaped specimens (EN ISO 8256 Shape 3) were cut from injection moulding plaque specimens by water jet cutting parallel and perpendicular to the flow direction ( Figure 3 ). The tensile tests were carried out by a universal ZWICK Z020 tensile machine according to the standard EN ISO 527. The cross-head speed was set to 5 mm/min, and each test was performed at room temperature (24°C); at least 5 specimens from each material were tested. 
Instrumented falling weight impact tests
Instrumented falling weight impact (IFWI) tests were performed on a Fractovis 3789 (Ceast, Italy) machine with the following settings: 131.84 J maximal energy; 20 mm dart diameter; 40 mm support rig diameter; 13.62 kg dart weight; and 1 m drop height. The samples were tested at room temperature (24°C) and at -30°C; at least 10 specimens were tested.
Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) tests were performed on a DMA Q800 machine in a 3-point bending arrangement with the following parameters: frequency: 1 Hz; temperature range: -100 to 150°C; amplitude: 0.16 mm; heating rate: 5°C/min. Specimens 60 # 10 # 2 mm in dimension, which were cut in the flow direction from the plaque specimens ( Figure 3 'Side'), were used for these tests.
Shrinkage tests
To describe the effect of the thermoplastic reinforcement on the shrinkage of the injection moulded products shrinkage tests were performed. Shrinkage was measured at different times (1, 4, 24, 48 , and 168 h) and positions on the plaque specimens by digital calliper after injection moulding (cf. Figure 2) .
Light microscopy
Light microscopy (LM) images were taken from the polished cross sections of injection moulding specimens in parallel and perpendicular to the flow directions by an Olympus BX51M machine. Cross sections were cut from injection moulding specimens and were embedded in epoxy resin ( Figure 3 ). After the samples were prepared, they were polished in a Struers polisher in four steps using 320-, 1000-, 2400-and 4000-grit SiC papers and water as a lubricant.
Scanning electron microscopy (SEM)
Scanning electron microscopy micrographs were taken from fracture surfaces with a Jeol JSM-6380LA microscope. The samples were sputter-coated with gold alloy.
Results and discussion 4.1. Static tensile tests
The mechanical properties of the compressionmoulded sheets (parallel to the fibres) are shown in Figure 4 . Based on the results in Figure 4 , it is obvious that using this filament winding and compression moulding technique can significantly increase the tensile properties. The yield stress and tensile modulus values increase linearly with increasing nominal fibre content. These results are in close agreement with previously published results for all-polypropylene composites produced by a film-stacking process [5] . The yield stress (related to maximum tensile force) of injection moulding all-PP composite is shown in Figure 5 . Yield stress increases in the flow direction with increasing nominal fibre content of the composites until the fibre content reaches 70 wt%. Composites with 70 wt% fibre reinforcement produced the largest yield stress value, ~38 MPa, which corresponds to a 52% improvement compared to the matrix material. At 80 wt% nominal fibre content, the yield stress is slightly lower, which is attributed to the improper consolidation of the composite structure. If analysing the filling pattern mechanical test results followed the expectations. Samples taken from the middle of the plaques had a lower yield stress than those taken from the side. This effect is caused by the orientation of the fibres inside the specimens. A slight deviation in yield stress is observed in perpendicular to the flow direction. The tensile modulus remained constant with increasing nominal fibre content of the composites until the fibre content reached 70 wt%, after which the modulus increased markedly ( Figure 6 ). Increased tensile modulus is due to considerably more single fibres being aligned parallel to the load direction. This observation is also confirmed by LM (cf. Figure 11 and 12 ) and SEM micrographs (cf. Figure 14) . Table 2 lists the effect of the gate types on the mechanical properties. With a fan gate, the deviation in properties across the three zones of specimens decreased, i.e., the mechanical behaviours became more similar. Using the fan gate, the filling patterns became more even. In perpendicular to the flow direction, the yield stress increased compared to the one injected with film gate. The tensile modulus in the flow direction did not change, but perpendicular to the flow direction, it increased up to 1600 MPa, due to lower friction heat in the gate zone.
Instrumented falling weight impact tests
To analyse the effect of reinforcing fibre content and gate type on the energy-absorbing capacity of the injection moulding plaque specimens, instrumented falling weight impact tests were performed. Typical force-time curves of the composites are shown in Figure 7a . These results show that the maximum of the forcetime curves increase with increasing fibre content of the composites. Figure 7b shows the perforation energy (impact energy related to the thickness) of all-PP composite and matrix specimens. These results show that with increasing fibre content of up to 60 wt%, the perforation energy increases. Above that value, the perforation energy (~3.5 J/mm) remains constant. Using a fan gate led to higher perforation energy (above 6 J/mm) compared to the conventional film gate which assumed to the better filling patterns. Analysing the effect the testing temperature, significant difference can be seen between the results at 24 and -30°C than the matrix materials. It seems that the all-PP composites are more sensitive to the temperature. The perforation energy of all-PP composite was compared to the conventional polypropylene homopolymer material (Tipplen PP H388F, TVK Nyrt., Tiszaújváros, Hungary,); value obtained is in accordance with the literature [20] . It can be concluded that fibre reinforcement increases the perforation energy significantly compared to the matrix. The perforation energy can be increased by up to 1200% compared to the conventional raw material. 
Dynamic mechanical analysis
Dynamic mechanical analysis was also used to show the reinforcing effect of the fibres. The storage modulus (E$) curves are shown in Figure 8 . The composites have a higher storage modulus compared to those of the matrix and commercially available PP homopolymer. While fibre reinforcement typically leads to a higher storage modulus, increasing the fibre content did not significantly affect this parameter. Replacing the conventional film gate with a fan gate did not affect the storage modulus. Upon analysis of the glass transition temperature (T g , derived from the maximum peak of tan%! curves), a slight shift to higher temperature can be observed (from -14.3°C (matrix) to -8.1°C (80 wt%)) with increasing reinforcing fibre content (i.e., increasing homopolymer content).
Shrinkage tests
Shrinkage of the injection moulding specimens is shown in Figure 9 . Shrinkage of thermoplastic fibre-reinforced composite increased in all directions compared to the matrix material, which is in contrast to the shrinkage behaviour of conventional fibre-reinforced composites (e.g., glass fibre) where the reinforcement in flow direction decreased the shrinkage. This effect is attributed to the relaxation of the thermoplastic fibre. Shrinkage of the matrix material is approximately 1%, which is in agreement with the literature [21] . Increasing the thermoplastic reinforcing fibre content increased the shrinkage. The greatest shrinkage occurred parallel to the flow direction at the middle of the specimen. As expected, the least shrinkage was observed near the gate due to the local pressure. Despite increased technological shrinkage (measured 1 h after injection) in fibrereinforced composites, subsequent post shrinkage does not differ from that in unreinforced composites. Thus, calculating the proper shrinkage for the mould construction could make the part dimensions stable over time. Plotting the results an exponential relation between technological shrinkage and fibre content can be deduced ( Figure 10 ). One can see that the technological shrinkage is different parallel and perpendicular to the flow direction.
The shrinkage of the all-polypropylene composites used in this study can be calculated by the following Equation (1): (1) where S(t) is the shrinkage of the composite in time and direction, C 1 is a constant which is proportional to the relaxation of the fibres, C 2 is a constant which is proportional to the fibre orientation in the speciS1t 2 5 C 1~e Figure 11 shows the single-fibre distributions in the specimens perpendicular to the flow direction (Front) near the gate. The distribution of single fibres is imperfect, and a skin-core structure formed.
Light microscopy
For 80 wt% fibre content, many more single fibres are aligned perpendicular to the flow direction, which significantly increased the tensile modulus (cf. Figure 6b) . LM images taken from the specimen cut in the flow direction (Side) are shown in Figure 12 . A skin-core layer can also be found with a thickness that is similar to that of specimens cut perpendicular to the flow direction. For 80 wt% fibre content, there is better fibre distribution (Figure 12d ) than for other composites, a trend similar to that in Figure 11d . Perpendicular to the flow direction of the 80 wt% all-PP composites with a fan gate is presented in Figure 13 . There is no skin layer formed perpendicular to the flow direction. Furthermore, the fibre distribution is better than that for the conventional film gate, which explains the improved mechanical properties. 
Scanning electron microscopy (SEM)
SEM micrographs were taken from the fracture surface of the all-PP composite specimens ( Figure 14) . The consolidation and fibre distribution worsened with increasing fibre content. Voids formed among the fibres because the matrix material could not impregnate the fibres. Moreover, for the 80 wt% sample, there is poor adhesion between the matrix and fibres in the core region (Figure 14d ). Figure 15 shows the effect of the gate type used. With a fan gate, perpendicular to the flow direction of the specimen became more homogeneous, and the core could not be distinguished from the skin region. 
Conclusions
The goal of this paper was to study all-polypropylene composites that were produced by injection moulding. Static tensile tests, IFWI tests, DMA tests, shrinkage analysis, optical microscopy and scanning electron microscopy were carried out. The mechanical tests showed that increasing the fibre content (50-70 wt%) of the pre-product the yield stress and perforation energy significantly increased. The applied fan gate resulted in more homogeneous tensile properties and greater perforation energy. Based on the results, all-PP composite showed greater shrinkage than the rPP matrix and the reinforcement did not decrease the shrinkage contrast to the conventional fibre reinforcement. This effect assumed to the relaxation of the thermoplastic reinforcement.
